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COMPOSITE SLABS ANALYZED BY BLOCK BENDING TEST 
by Li An and Krister Cederwall 
SUMMARY 
A new small-scale test, concrete block bending test, was carried out to determine the anlount of 
shear stress and the slip distribution at the interface between the steel sheet and the concrete. 
The result was then used in the finite element analysis to predict the behaviour of composite 
slabs. Good agreement has been shown between the analytical results and measured results 
from the full-scale composite slabs. 
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COMPOSITE SLABS ANALYZED BY BLOCK BENDING TEST 
by Li AnI and Krister CederwalP 
INTRODUCTION 
Steel sheet composite slabs are widely used in buildings. There are three possible modes of 
failure for this type of constmction: flexural failure, longitudinal slip failure and vertical 
shear failure in the concrete [lJ. The longitudinal slip failure is the most common failure. It 
is indicated by the relative movement between the steel sheet and the concrete at both ends 
of a test specimen at a load which is lower than a flexural bending strength. Considerable 
testing results have shown that the maximum load on the composite slab is determined by 
the longitudinal slip resistance, which depends on the complex interaction between the steel 
sheet and the concrete. For a better understanding of the behaviour of composite slabs, it is 
important to know the shear transfer mechanisms between the two materials. 
A new small-scale test, concrete block bending test, is proposed in the present paper. This 
test can yield more accurate information on the amount of shear stress and slip distribution 
at the interface between the steel sheet and the concrete. The test result can be used in the fi-
nite element analysis which is a very useful tool to obtain more information on the distribu-
tion of shear stress, bending stress and slip in the composite slabs. A description of the con-
crete block bending test, the model for the finite element analysis and a comparison between 
the predicated behaviour of composite slabs and the measured results are also presented. 
I Research Assistant, Division of Concrete Structures, Chalmers University of Technology, 
Gothenburg, Sweden. 
2 Professor and Head of the Division of Concrete Structures, Chalmers University of 
Technology, Gothenburg, Sweden. 
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EXPE~ENTALPROGRAMS 
Concrete Block Bending Test 
In .order t.o evaluate the resistance .of the indentati.ons in the steel sheet, a c.oncrete bl.ock 
bending test .on the steel sheet PEV A 45 was carried .out. Six specimens were divided int.o 
three categ.ories. Each categ.ory c.onsisted .of tw.o n.ominally identical specimens which were 
given the same ftrst number. S.ome test data are given in Table 1. 
The steel sheet was pr.oduced by a Swedish c.ompany. It was 0,72 mm thick excluding c.oat-
ing, and the n.ominal depth was 45 mm. The indentati.ons were .on the b.ottom rib .of the steel 
sheet which means that the influence .of separati.on between the .outer web .of the sheet and 
the c.oncrete is less than that f.or a sheet with indentati.ons .on the webs. The measured spac-
ing .of the indentati.ons was 84 mm. The dimensi.ons .of the steel sheet were .obtained from 
[5] and are sh.own in Fig. 1. 
The length .of the steel sheet used in a specimen was 850 mm. Tw.o identical c.oncrete bl.ocks 
were cast .on .one sheet. Eight c.omplete indentati.ons were embedded in each c.oncrete bl.ock. 
The length .of the sheet which .overlapped the c.oncrete was about 340 mm. Reinf.orcements 
were placed in the c.oncrete bl.ocks in .order to av.oid failures in the c.oncrete rather than the 
l.ongitudinal slip failure. They had n.o c.onnecti.on with the steel sheet. The cr.oss secti.on .of 
the specimen is sh.own in Fig. 2. 
The test set-up and instrumentati.on are sh.own in Fig. 3(a). The t.op hinge between the tw.o 
c.oncrete bl.ocks was a reinf.orcement bar with a diameter .of 12 mm. The h.oriz.ontall.ongitu-
dinal slip and the vertical separati.on between the steel sheet and the c.oncrete bl.ock were 
measured by transducers. Electrical strain gauges were attached t.o the sheet at a mid-secti.on 
to detect sheet yielding. The l.oad was c.ontr.olled by the deflecti.on at the midspan. The l.oad-
ing speed was 0,25 mmlminuntil the slip at the end devel.oped t.o ab.out 1 mm. It was then 
changed t.o 0,4 mm fmin and later to 0,8 mmlmin. 
Full-scale Composite Slabs 
F.our full-scale c.omp.osite slabs with steel sheet PEV A 45 were tested. The cross secti.on .of 
the slab is sh.own in Fig. 8(a) and s.ome test data are given in Table 2. 
All .of the slabs were simply supp.orted at each end, and tested with tw.o symmetrically 
placed line l.oads as sh.own in Fig. 3(b). The test c.onftgurati.on and l.oading pr.ocedure used 
was .one rec.ommended by the Swedish C.ode[2]. Due t.o the l.ong distance between tw.o l.oad-
ing p.ositi.ons, the l.oad was applied by tw.o separately c.ontr.olled hydraulic jacks. A l.oading 
transducer was placed between the hydraulic jack and a l.oad spread beam. The t.otall.oad 
was the sum .of the l.oads measured by tw.o l.oading transducers. N.o additi.onal reinf.orcement 
meshes were provided in the slabs and n.o special treatment was made to improve the 
b.onding c.onditi.ons at the surface .of the steel sheet. Transducers were used t.o measure 
deflecti.ons and end-slips. Electrical resistance strain gauges were ftxed at p.ositi.ons .on the 
t.op .of the c.oncrete slab, .on the t.op and b.ott.om ribs .of the steel sheet at the mid-secti.on and 
at the l.oading secti.ons t.o detect yielding .of the sheet. The deflecti.ons, strains and end-slips 
were rec.orded at each l.oad increment. 
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Material Properties 
The concrete tensile strength was detennined by the cube splitting test, and the compression 
strength by the cube compression test. The mean values of three results are listed in Tables 1 
and 2. The yield stress and the modulus of elasticity of the steel sheet were detennined from 
9 coupons which were taken from the same type of steel sheet. The measured average yield 
stress (365 MPa) and the modulus of elasticity (195 GPa) differed slightly from the values 
given by the manufacturer (350 MPa and 210 GPa). More details about the composite slab 
test and the concrete block bending test have been presented in [3] and [4]. 
DISCUSSION OF TEST RESULTS 
Concrete Block Bending Test 
The horizontal shear stress at the interface between the steel sheet and the concrete was 
mainly resisted by the adhesion bond in the beginning of loading. When the adhesion bond 
broke, a dynamic jump and sudden decrease of the load occurred. Due to variations in adhe-
sion strength, the bond generally broke at one concrete block first and then at the other. 
Thereafter the load increased with the slip. The steel sheet and the concrete block in the 
vertical direction nonnally separated after the horizontal slip had begun. The measured 
vertical separation versus horizontal slip at the same side of the specimen is plotted in 
Fig. 4. The plot shows that the slopes of the curves for specimens with Ls / h = 5 are less 
than those for specimens with Ls / h =3,5. This observation proves that the smaller the shear 
span-to-depth ratio, the greater the vertical separation force in the specimen. It should be 
pointed out, however, that the free separation in the concrete block bending test is different 
with that occurring in full-scale composite slab tests, where it is generally smaller due to the 
restraining action of the reaction force at the supports. The strain gauges revealed that the 
steel sheet did not yield during the test. 
A typical load-slip curve is shown in Fig. 5 and the measured values for different specimens 
are summarized in Table 3. PI and P3 are the maximum load values before and after the 
adhesion bond failed. P 2 represents the lowest load when the adhesion bond broke. The 
strength of the adhesion bond 'tml and indentation resistance 'tm3 , also listed in Table 3, was 
obtained with the following equations (1) and (2). It can be seen that adhesion bond, 'tmi' 
varied with the shear span-to-depth ratio, Ls / h. The mean value of the adhesion bond is 
0,31 MPa for Ls / h=5 and 0,38 MPa for Ls / h =3,5, respectively. The indentation resis-
tance 'tm3 , mean value of 0,33 MPa, is independent of the shear span-to-depth ratio. 
Shear Stress- slip Relation 
The two concrete blocks were connected at the top by a hinge which gave the exact position 
of the compression force in the section. If the resultant tension force in the steel sheet is as-
sumed to act at the centroid of the sheet, the magnitude of the tensile force can be deter-
mined from equilibrium, see Fig. 6, 
T = 0,5 Ls [P + q ( L - Ls) ] / z (1) 
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This tensile force is resisted by the adhesion bond or by the indentation resistance at the 
interface between the steel sheet and the concrete. The mean shear stress can be detennined 
as, 
't mi = T/(bi x) (i= 1,3) (2) 
where X= 340 mm, bI = 380 mm and b3 = 330 mm. The steel sheet separated with the con-
crete block at the outer top rib after the adhesion bond failed. Here b3 was taken as the dis-
tance between points "a" and "b", see Fig. 2. 
Calculations were carried out on all measured load-slip curves, which yielded the shear 
stress-slip curves. It should be noted that in the calculations the original point of the slip was 
moved to the position corresponding to the lowest load P2• The mean value of shear stresses 
at the same slip was used in regression analysis. A fourth-order polynomial which fits the 
test points very well is: 
't = 0,22517+0,106538 -4,4559E-282 + 8,1748 E-3 83-5,3999E-484 
For simplicity, we can use this expression when the slip is less than 3 mm and assume 
linearity when the slip is between 3 and 6 mm. i.e. 
't = 0,225+0,106 8 -0,04456 82 +0,0082 s3-0,00054 s4 s<3mm 
(3) 
0,32 + 0,002 (s -3 ) (MPa) 3mm < s~6mm 
The test and regression results are shown in Fig. 7. The expression of the shear stress-slip 
relation can be used as a material property for an interface element to simulate the relation 
between the steel sheet and the concrete in a finite element analysis. 
Composite Slab Test 
Before the end-slip occurred, the slab had full interaction between the steel sheet and the 
concrete. Bending cracks occurred at a bending area in the slab, and the width of the cracks 
increased with the load. The slip between the sheet and the concrete occurred at about 
30-50 % of the maximum external load. The initiation of the end-slip did not produce a sud-
den decrease of the load on the slab. After the end-slip occurred the load increased with the 
end-slip. The maximum external load 2P and the load at which the end-slip was observed 
are listed in Table 2. 
The primary mode of failure experienced for the slabs with short shear span, S 1 and S5, was 
longitudinal slip failure. When maximum load was achieved, it could be seen that a more or 
less diagonal crack had formed either under or near the concentrated load. The interaction 
between the steel sheet and the concrete lost. The actual bending moment at failure was 
lower than the bending capacity of the slab. However, in the slabs with longer shear spans, 
S2 and S6, more than 4 mm end-slip was experienced prior to failure and the actual bending 
moment was close or equal to the bending capacity of the slab. Meanwhile the electrical 
resistance strain gauges revealed that strains at the bottom ribs of the sheet at the mid-
section exceeded the yield strain of the sheet, whereas the top ribs of the sheet did not yield. 
Therefore, we also classify the failure of these slabs, S2 and S6, as longitudinal slip failures. 
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FINITE ELEMENT ANALYSIS 
A finite element program ABAQUS [6] was used for theoretical analysis. The nonlinear 
elastic-plastic properties of the steel sheet and the concrete, as well as the nonlinear horizon-
tal shear stress-slip relation at the interface were taken into account in the analysis. 
The cross section of the composite slab consists of the steel sheet and the concrete, which 
have different material properties, as shown in Fig. 8(a). Both the steel sheet and the con-
crete were modelled by the beam elements. The concrete section was simplified to a 
rectangular beam section. The principles of simplification were that the simplified section 
should have (1) the same cross section area and centre of gravity, and (2) the same moment 
of inertia as the original cross section. The corrugated steel sheet was a simplified I-beam 
section with the same cross section area in each part and same centre of gravity as the origi-
nal cross section. The interaction between the steel sheet and the concrete was modelled as 
springs, see Fig. 8(c), which could deform in both horizontal (x) and vertical (y) directions. 
In the springs, point "a" should deform following the lower "edge" of the beam element of 
the concrete and point "b" following the upper "edge" of the beam element of the steel sheet. 
This was accomplished by using the "multi-point constraint". The cross section model is 
shown in Fig. 8(b). Due to symmetry only half of the composite slab was modelled. The 
displacement in the y-direction at the support node, the displacement in the x-direction and 
the rotation about the z-axis at the midspan nodes were restrained. A typical mesh for the 
half slab is illustrated in Fig. 8(d). 
The tension and compression response of concrete are illustrated in Fig. 13. When concrete 
is loaded in compression,it initially exhibits elastic response. Some inelastic strain occurs as 
the stress increases. When concrete is loaded in tension, material will lose all tensile strength 
after the cracking. The property of the spring in the x-direction was obtained from the con-
crete block bending test. Eq.(3) was used to determine the forces in the spring at different 
displacements. The spring was assumed elastic in the y-direction. 
In the nonlinear analysis the load was applied gradually in small increments as defined by 
the ABAQUS program. At each loading increment the iteration process was allowed to 
converge. 
The results shown in Figs. 9 and 10 correspond to the finite element analysis of slab S2. The 
stresses in both x and y directions were obtained by the spring forces divided by the width 
of the slab and by a distance between the two spring elements. Fig. 9 shows the spring stress 
distribution in the x-direction along the half of the slab. The spring stresses increase with the 
external load. Their values along the length of the shear span are much higher than that in 
other positions. Fig. 10 shows the spring stress distribution in the y-direction along the half 
of the slab. Very small forces existed in the springs during the loading, but the forces 
changed rapidly around the loading position at the maximum external load. 
The measured curves for load versus deflection at the midspan, and for load versus end-slip 
for slabs S2 and S6 are shown in Figs. 11 and 12. Also shown in the figures are the results 
from the finite element analysis. The finite element analysis results are in good agreement 
with the measured results. This proves that the assumptions made in the simplification for 
the finite element method are reasonable. It also proves that results from concrete block 
bending test and the expression of shear stress-slip relation are reliable. This model can 
predict the behaviour of composite slabs from loading to failure. The analysis can be further 
extended to include more variables, such as load (type and position), geometrical properties 
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of the slab (height and length) and concrete material properties, and will then yield more 
information about the shear transfer mechanism in composite slabs. 
CONCLUSION 
The concrete block bending test can quantitatively determine the shear stress and slip 
distribution at the interface between the steel sheet and the concrete. It is simple and easy to 
carry out, and can be used as an alternative experimental approach to identify the influence 
of different variables on the longitudinal slip resistance of composite slabs. Good agreement 
between the experiments and the finite element analysis showed that the results from 
concrete block bending test are reliable and the assumptions made in the simplification of 
the real problem are reasonable. This provides an analytical model that can be used to 
predict the behaviour of composite slabs from loading to failure. This analysis could be 
further extended to include more variables. 
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Fig. 1 Dimensions of Steel Sheet PEV A 45 
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Fig. 3 Test Set-up and Instrumentation 
Table 1 Test Data from Concrete Block Bending Test 
H L Ls L f fct s cc no 
-(m) (m) (m) H (MPa) (MPa) 
P11 
P12 0,18 1,86 0,9 5 29,88 2,61 
P21 
P22 0,3 3,07 1,5 5 29,88 2,61 
P41 




























H 2Pmax 2Ps1ip ,A 2Ps1ip ,B 
(m) (kN) (kN) (kN) 
0,18 129 75,6 64,5 
0,18 78 29,7 29,6 
0,24 128 39,3 39,3 
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Fig. 5 Typical Load-slip Curve 
Table 3 Measured Values from Concrete Block Bending Test 
block 1 block 2 
no 
P l P2 P3 
51 52 51 52 
'fml 'fm3 
(kN) (kN) (kN) (mm) (mm) (mm) (mm) (MFa) (MPa) 
P11 12,4 6,1 13,0 0,04 0,24 0,08 0,1 0,3138 0,3767 
P12 12,4 5,5 12,0 0,0 0,5 0,1 0,4 0,3138 0,351 
P21 10,0 4,5 9,5 0,0 0,02 0,0 0,2 0,2975 0,331 
P22 11,6 3,9 8,8 0,0 0,17 0,0 0,12 0,3311 0,314 
P41 22,0 13,8 17,0 -0,06 0,4 0,0 0,1 0,361 0,3257 





Fig. 6 Force Equilibrium in Concrete Block Bending Test 
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Fig. 7 Regression and Test Results 
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Fig. 10 Spring Stress Distribution in y-direction 
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